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ABSTRACT 


Thermionic  converters  offer  many  advantages  for  use 
as  space  reactors.  Over  the  last  several  years,  we  hava 
carried  out  six  experiments,  of  which  four  were  in-pile 
experiments  and  two  out-pile  experiments.  Of  the  four  in¬ 
pile  experiments,  three  involved  the  use  of  three 
converters  linked  in  series.  The  results  show  that  at  the 
maximum  power  density  of  W=2.)4  M/cm2  ,  the  electrode 
efficiency  "*1  was  4.2%  and  the  emitting  electrode 
temperature  Te  was  1460°  C.  For  the  fourth  in-pile 
experiment,  with  a  single-unit  thermoionic  converter, 

V=5.6  M/cm2,  "*i  =8%,  and  Te=1540°  C.  In  two  of  the  out- 
pile  experiments,  when  Te  was  1600°,  the  maximum  power 
density  V=7.8  M/cm2,  and  the  electrode  efficiency  yj 
=12.7%. 


1 .  FORWARD 


The  use  of  nuclear  reactors  as  the  power  source  for  an  electrical 
system  in  space  is  one  of  the  important  developmental  projects  under 
consideration  today.  For  a  time  extending  relatively  long  into  the  future, 
according  to  most  opinions  on  potential  power  requirements,  the  choice  of  a 
thermionic  converter  to  implement  thermoelectric  conversion  has  many 
advantages.  [4,  5].  The  thermionic  converter  not  only  has  a  relatively  high 
potential  in  power  density  and  efficiency,  but  also  nas  no  moving  mechanisms, 
and  consequently  has  a  relatively  high  system  reliability.  The  thermionic 
converter  has  a  very  high  waste  beat  discharge  and  diffusion  temperature;  in 
this  way  it  is  possible  to  reduce  greatly  the  weight  of  heat  radiators,  which 
normally  represent  over  half  of  the  system's  weight.  In  foreign  countries 
large  scale  research  on  this  subject  began  early  [1-9]. 
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2.  THE  THERMIONIC  CONVERTER:  BASIC  PRINCIPLES  AND  EXPERIMENTS 

The  thermionic  converter  is  in  fact  a  kind  of  diode  filled  with  cesium 
steam.  For  an  in-pile  thermionic  converter,  the  reactor  fuel  element  is  the 
emitting  electrode  (the  negative  electrode);  it  is  normally  heated  to  1,400°  C 
and  above,  and  cn  its  surface  hot  electron  emission  occurs.  The  emitting 
electrode's  outer  concentric  sleeve  has  a  collecting  electrode  (the  positive 
electrode).  The  gap  between  the  two  electrodes  is  normally  0.15-0.50  mm, 
ensured  by  a  seal  and  insulation.  In  order  to  decrease  the  electrode  surface 
work  function  and  the  effect  of  the  space  charge,  the  area  between  the 
electrodes  is  filled  with  cesium  steam,  so  that  the  converter  has  a  relatively 
high  power  density  and  efficiency.  The  output  power  density  (V)  and 
efficiency  )  of  the  converter,  which  is  normally  in  electric  arc  condition, 
are  respectively: 

) 

and  the  voltage  V  =  #e  -  Vb. 

o.»2(»«-r.)/,  __ — 

/{*,+  2  )  +  io-,,r«4 

• 

Here,  K  is  the  Boltzmann  constant,  #e  is  the  emitting  electrode  work 
function,  e  is  the  electron  charge,  and  Te  and  Tc  are  respectively  the 
temperatures  of  the  emitting  and  collecting  electrode.  A  is  the  Richardson 
constant,  and  Vb  is  the  potential  barrier  index  (Vb=*c+Vd,  in  which  Vd  is  the 
electrode  space  potential  energy  loss). 

The  goals  of  the  thermionic  converter  experimentation  are:  1)  To  develop 
a  reliably  working  emitting  electrode  that  can  tolerate  the  high  temperatures 
conditions  of  the  converter.  2)  To  study  and  improve  the  electrode  surface 
and  its  space  conditions,  in  order  to  gain  experience  in  raising  the  output 
electrical  power  density  and  efficiency.  3)  To  study  and  measure  the 
parameters  of  the  converters  that  have  been  developed  and  their 
interrelationship. 


V  =  JV 


_  4ee 

in  which  the  current  density  J  =  ATr*** p  (  - 


>  -AT*tx f  (  Kj- 
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Table.  1.  Results  of  tbe  experiments. 
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Key,  row  and  column  headings:  (1)  In-pile  experiments;  (2)  Out-pile 
experiments;  (3)  Serial  number;  (4)  Goal  of  experiment;  (5)  Type  and 
installation  structure  of  emitting  electrode;  (6)  Emitting  electrode 
surface  material;  (7)  Collecting  electrode  surface  material;  (8)  Emitting 
electrode  temperature;  (9)  Output  current  density;  (10)  Output  power 
density;  (11)  Efficiency;  (12)  Operation  time;  (13)  Reason  for 
terminating  experiment. 

Key,  tabulated  data:  (a)  Serial  characteristics;  (b)  Improve 
converter  serial  characteristics;  (c)  Single  unit  characteristics;  (d) 
Type  A  emitting  electrode,  series  of  three;  (e)  Type  B  emitting 
electrode,  series  of  three;  (f)  B  type  emitting  electrode,  single  unit; 

(g)  Hollow  core  cylindrical  emitting  electrode;  (h)  Split  in  welded  seam; 
(i)  Reduction  of  performance;  (j)  Damage  to  emitting  electrode. 


See  Fig.  1  for  the  earliest  experiment’s  three-unit  series  converter  in-pile 
installation.  Table  1  presents  the  experimental  conditions  for  the  four  in¬ 
pile  installations  and  the  two  out-pile  installations. 


For  the  out-pile  experiments,  we  used  electron  bombardment  for  heating. 
For  the  in-pile  experiments,  we  used  20%  289U  UOs  fuel  for  fission  heating, 
and  the  experiment  was  undertaken  on  a  swimming-pool  style  experimental 
reactor.  For  measuring  the  characteristics  of  electric  power  output,  we  used 
a  special  manually/electrically  driven  rheostat  and  a  specially  constructed 
triode  dynamic  state  measurement  installation. 
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Fig.  2.  Characteristics  of  DN3-1 
volt  and  amp  output.  Key:  (1) 
Output  current;  (2)  Output  voltage; 
(3}  Nominal. 


Key  for  Fig.  1:  (1)  Thermoelement; 

(2)  Ceramic;  (3)  Metallic/ceramic 
seal  interface  element;  (4)  Outer 
tube;  (5)  Collecting  electrode;  (6) 
Cap  ceramic;  (7)  Emitting  electrode ; 
(I)  Insulation;  (9)  Cesium  reservoir; 
(10)  C as inn;  (11)  Protective  tube; 

(12)  Cold  veld  tube,  no  copper  oxide; 

(13)  Section  A-A;  (14)  Tungsten  body; 
(15)  Type  A;  (16)  Type  B. 


Fig.  1.  Thermionic  converter  in-pile 
experimental  installation.  Key  is  at 
right  of  figure. 


3.  RESULTS  OF  EXPERIMENTS 

Table  1  shows  maximum  output  conditions  attained  from  the  experiments 
within  the.  range  of  adjustments  made  to  the  temperature  of  the  collecting 
electrode  and  the  cesium  vapor. 

3.1.  The  Electrical  Output  in  Terms  of  Volts  and  Amps 

In  each  experiment,  we  undertook 
measurement  of  the  output  voltage  and 
output  current  characteristics  (that  is, 
the  volt/amp  characteristics)  under 
conditions  of  different  working 
parameters.  Figure  2  shows  the  measured 
results  for  DN3-1.  During  the 
continuous  changes  in  voltage  and 
current,  there  often  appear  turning 
points  in  the  curve,  and  near  these 
turning  points  we  occasionally  measured 
locally  irreversible  regions  (Fig.  3). 

3.2.  Effect  of  Electrode  Temperature  on 
Power  Output 

The  temperature  of  the  emitting 
electrode  has  an  important  effect  on  the 
output  power  and  efficiency.  For  the 
in-pile  three-unit  serial  converter,  the 
graphs  obtained  by  measurement  are  as 

Fig.  3.  Abnormal  volt/app 

shown  in  Fig.  4.  The  output  power  forms  characteristics  that  appeared  in 

an  S-shape  graph  with  the  input  heat  DN3-1.  Key:  (1)  Output  current; 

(2)  Output  voltage;  (3)  Nominal. 

load  or  emitting  electrode  temperature. 

An  S-shape  graph  not  only  appears  for  experiment  DN3-1,  but  also  shows  clearly 
in  experiments  DN3-2  and  DN3-3. 
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electrode  average  thermal  load  and 
maximum  output  power.  Key:  (1) 
Maximum  output  power;  (2)  Average  heat 
load  of  emitting  electrode;  (3) 

Maximum  power  output  density;  (4) 
Initial  period;  (5)  End  period. 


When  the  collecting  electrode’s 
temperature  is  less  than  700°  C,  the 
effect  on  output  power  and  efficiency 
is  not  striking. 

3.3.  Effect  of  Cesium  Temperature 

The  cesium  vapor  pressure  between 
the  electrodes  is  determined  by  the 
temperature  of  the  liquid  state 
cesiue,  and  adjustments  are  undertaken 
via  the  temperature  of  the  external 
cesium  reservoir  (i.e.,  the  nominal 
cesium  temperature)  .  Regarding 
single-unit  converters,  if  the  nominal 


cesium  temperature  rises,  there  is  a  peak 
value  in  the  corresponding  output  energy,  and 
moreover,  as  the  emitting  electrode's 
temperature  rises,  the  optimal  nominal  cesium 
temperature  of  the  corresponding  output  power 
peak  value  increases.  However,  in  the  DN3-1 
three-unit  series  converter  experiment,  the 
conditions  shown  in  Fig.  5  occurred. 

4.  DISCUSSION 

On  the  basis  of  the  relational  patterns 
discussed  above  and  the  experimental  results 
obtained,  it  can  be  said  that  the  size  of  the 

Fig.  5.  Relation  between 

converter's  power  output  is  intimately  related  aomisal  cesium  temperature  and 

to  the  emitting  electrode’s  temperature  and  output  power.  Key:  (1) 

Output  power;  (2)  Nominal  Tcs . 

to  the  cesium  temperature.  In  in-pile 

experiments,  owing  to  limitations  in  the  structural  design,  and  because  the 
heat  transference  of  the  emitting  electrode  and  the  collecting  electrode 
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serial  conductor  and  the  axial  direction  distribution  of  particle  flux  within 
the  reactor  are  not  evenly  distributed,  it  is  inevitable  that  an  unevenness  be 
produced  for  the  surface  temperature  of  the  emitting  electrode  in  the  single 
unit  or  between  each  of  the  several  units.  It  is  necessary  to  point  out  for 
Table  1  and  the  results  of  the  experiments  discussed  above  that  the 
temperatures  of  the  emitting  electrode  are  all  indicated  as  peak  value 
temperatures  in  the  experimental  converter,  and  that  they  are  limited  by  the 
maximum  permissible  temperature  for  the  emitting  electrode  material.  The 
unevenness  of  the  temperature  field  of  the  converter,  as  well  as  the  cesium 
vapor  pressure,  are  controlled  by  the  common  cesium  temperature,  giving  rise 
to  the  complexity  of  the  output  power  characteristics  in  multiple-unit  serial 
converters  and  lowering  the  power  and  efficiency  [14] . 

In  the  serial  converter  subassemblies  with  uneven  axial  temperature 
fields,  the  single-unit  converter's  emitting  electrode  temperature  is  ITeiI; 
under  conditions  of  the  sam<  output  current,  the  serial  subassembly  output 
voltage  is: 

n 

V  =  ^ 'y i  < Ttit  Tc» - ) 

i  *  1 


n  is  the  number  of  single-unit  converters  linked  in  series.  For  this  reason, 
the  output  characteristics  of  the  serial  converter  should  be,  under  the  same 
electrical  current  conditions,  an  iterative  increase  of  the  single-unit 
converter  output  voltage.  In  the  experiments,  dynamic  measurement  of  single¬ 
unit  converter  output  volt/amp  characteristics  has  shown  that  within  a  rather 
large  range  of  emitter  electrode  temperatures,  there  exist  two  working  states, 
the  "arc  forming"  and  the  "arc  destroying"  states.  Furthermore,  near  the 
mutually  filtered  voltage  and  current  parameters,  there  is  formed  an 
irreversible  and  unstable  volt/amp  region.  During  the  process  of  the  single¬ 
unit  volt/amp  characteristic  iterative  increase  that  we  have  discussed, 
because  of  the  unevenness  of  the  temperature  field,  these  unstable  conversion 
regions  are  not  coincident,  but  the  turning  points  in  Fig.  3  and  Fig.  4  often 
appear,  as  well  as  a  number  of  unstable  regions. 
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The  "S"  variation  graph  (Fig.  4)  for  the  emitting  electrode  ‘emperature 
and  the  output  power  is  also  caused  because  of  this  kind  of  single-unit  power 
iterative  increase  under  identical  current  conditions,  as  is  the  inner 
electrical- power  non-linear  loss. 

In  a  serial  converter,  because  the  emission  temperature  of  every  unit 
converter  is  not  the  same,  the  required  optimal  cesium  temperature  is  not  the 
same.  However,  because  of  structural  design  limitations,  the  serial  converter 
normally  uses  a  common  cesium  reservoir  to  supply  cesium  vapor  for  each 
single-unit  converter;  for  this  reason,  under  indentical  cesium  temperature 
conditions,  each  single-unit  converter  is  not  put  in  a  cesium  temperature 
state  which  is  optimal  for  the  output  of  power.  This  not  only  further  lowers 
the  output  power  of  the  serial  converter,  but  also  produces  the  violently 
undulating  effect  shown  in  Fig.  5  that  the  changes  in  cesium  temperature  have 
on  the  optimal  power  output.  Experimentation  shows  that  as  the  maximum  output 
temperature  of  the  emitting  electrode  rises,  the  cesium  temperature  has  a 
strong  effect  on  the  output  power. 

5.  BRIEF  SUMMARY 

1.  In  the  initial  thermionic  converter  experiments,  the  single-unit  out- 
pile  experiment’s  thermoelectric  efficiency  already  had  reached  12.7%,  with  an 
power  density  of  7.8  W/cm2 .  Because  of  structural  design  limitations  on  the 
ir.-pile  experimental  converters  and  uneven  electrode  temperature  fields,  the 
electrical  output  capacity  decreased  severely  for  the  in-pile  experiments 
under  multiple-unit  series  conditions  (see  Table  2).  The  design  was  improved, 
causing  the  unevenness  of  converter  working  temperature  field  to  decrease; 
this  is  of  great  significance  for  raising  the  current  output  capabilities  of 
multiple-unit  series  converters. 

2.  Regarding  the  in-pile  multiple-unit  series  converters,  the  electrode 
temperature  field  is  not  even,  complicating  the  output  characteristics; 
furthermore,  during  the  process  of  the  continuous  rise  of  the  cesium 
temperature,  the  output  power  shows  multiple  peak  values. 
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Table  2.  Comparison  of  optimum  conditions 
for  in-pile  and  out-pile  converter  experiments. 
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Key:  (1)  Emitting  electrode  temperature  (uneven  peak  values)  Te ,  °C;  (2)  In¬ 

pile  three-unit  series  converter;  (3)  In-pile  single-unit  converter;  (4) 
Relative  power  density;  (5)  Relative  efficiency. 

3.  Based  on  our  experiment's  initially  developed  thermionic  converter 
and  on  the  experimental  results,  we  further  improved  the  surface  material  and 
the  technology  of  the  emitting  electrode  and  the  collecting  electrode,  and 
reduced  the  power  loss  between  electrodes;  this  has  great  potential  for 
further  research  to  raise  the  converter's  output  energy  density  and 
efficiency,  particularly  in  the  case  of  the  Ve  value,  which  for  out-pile 
experiments  was  2.13  V  and  for  in-pile  single-unit  experiments  was  2.19  V.  If 
on  this  basis  we  make  improvements  in  material  and  techniques,  and  Ve  drops  to 
1.5  V,  the  power  density  can  reach  8  V/cm2  and  the  efficiency  can  reach  about 
20%. 


4.  In  future  experiments  to  study  the  usable  life  of  the  apparatus,  it 
will  be  necessary  to  improve  further  the  welding  technology  of  the  emitting 
electrode  and  the  sealing  technology  for  the  metal/ceramic  seal  interface.  In 
the  above  experiments  and  other  special  experiments  [15]  it  has  been  shown 
that  the  use  of  Ag-Cu  fiber  material  for  the  metal/ceramic  seal  interface,  at 
the  working  temperatures  of  the  converter,  is  corroded  by  the  cesium  within 
250  hours,  and  loses  its  sealing  function. 
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